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The effects of n-type doping on the air-stability of vacuum-processed n-channel organic transistors have been investigated using perylene diimides and pyronin B as the active layer and dopant, respectively. Systematic studies on the influence of doping location revealed the n-type doping of bulk active layer or channel region significantly improves air-stability by compensating for the trapped electrons with the donated mobile electrons. Although n-type doping at the electrode contact could readily turn on the devices, it could not confer air-stable electron transport. The described approach would open up opportunities to enable and improve the stability of n-channel organic transistors in air. © 2010 American Institute of Physics. ͓doi:10.1063/1.3527972͔
Controllable and stable doping of organic semiconductors allows reduction of Ohmic loss in transport layers, easier carrier injections from contacts, and tunable built-in potentials of Schottky or p-n junctions. 1 Recently, doping concepts applied in organic semiconductor devices have yielded highperformance organic light-emitting diodes 2 and organic photovoltaics. 3 The p-type molecular doping has been frequently investigated using strong acceptors like tetrafluorotetracyanoquinodimethane ͑F 4 -TCNQ͒. [4] [5] [6] On the contrary, n-type molecular doping is more challenging because the dopants need to have a highest occupied molecular orbital ͑HOMO͒ level higher than the lowest unoccupied molecular orbital ͑LUMO͒ level of the matrix material, which makes them vulnerable to ambient oxidants.
Current approaches to n-type doping include: ͑i͒ use of alkali metal atoms, 7, 8 ͑ii͒ synthesis and/or search for compounds with extremely high-lying HOMOs, 9,10 ͑iii͒ utilization of cationic salts which act as stable precursors for strong molecular donors, [11] [12] [13] and ͑iv͒ molecular design of a reduced analog of the host molecule, so that the dopants do not disrupt the crystalline order. 14 Ahles et al. 8 reported n-type conduction of pentacene by interfacial doping with a Ca layer. Harada et al. 15 demonstrated p-n homojunctions of zinc-phthalocyanine ͑ZnPc͒ using F 4 -TCNQ acceptor and bis͑terpyridine͒ruthenium͑II͒ ͓͑Ru͑terpy͒ 2 ͔ 0 ͒ donor. pyronin B ͑PyB͒ chloride, employed in the third concept, has been reported to act as an excellent n-type dopant for 1,4,5,8-naphthalene tetracaboxylic dianhydride ͑NTCDA͒.
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However, these n-type conductions were only observed under inert atmospheres, such as in N 2 or vacuum. For instance, the conductivity of PyB-doped NTCDA was drastically reduced upon exposure to air, presumably due to the charge trapping by oxygen. 11 For transistor applications, it is also desirable to get a reasonably low off-current from the doped system together with an improved on-current to achieve high on-to-off current ratios ͑I on / I off ͒.
The number of air-stable high-performance n-type organic semiconductors is still less than that of p-type. 16 Nonetheless, they are indispensable for building complementary circuits which offer desirable advantages, such as low power consumption, high operating speed, and device stability. Recently, we have developed an approach to enable air-stable solution-processed n-channel organic thin-film transistors ͑OTFTs͒ by n-type doping. 17 We found 4-͑1 , 3 -dimethyl-2 , 3-dihydro-1H -benzoimidazole-2 -yl͒ -phenyl-dimethyl-amine ͑N-DMBI͒ ͑Ref. 18͒ is able to act as an effective solution processable n-type dopant and offers significant improvement in the air-stability of N-DMBI doped ͓6,6͔-phenyl C 61 butyric acid methyl ester ͑PCBM͒ OTFTs. 17 Here we investigate the effects of n-type doping on the air-stability of vacuum-processed n-channel OTFTs by changing the doping location. Two n-channel semiconductors, namely, N , NЈ-dibutyl-1,7-difluoroperylene-3,4:9,10-tetracarboxylic diimide ͑F-PTCDI-C4͒ and N , NЈ-ditridecyl-perylene-3,4:9,10-tetracarboxylic diimide ͑PTCDI-C13͒, were chosen as the active materials for two reasons: ͑i͒ both exhibit excellent electron mobilities only under an inert atmosphere 16, 19 and ͑ii͒ both have LUMO levels ͑Ϫ3.76 and Ϫ3.70 eV for F-PTCDI-C4 and PTCDI-C13, respectively͒ right above the empirical onset region ͑−3.8 to − 4.0 eV͒ observed for air-stability of arylene diimide-based n-channel OTFTs. 20 We employed a previously reported cationic dye, PyB, as the dopant because it is stable in air and commercially available. [11] [12] [13] The chemical structures of the dopant and semiconductors are shown in Fig. 1 .
PyB chloride and PTCDI-C13 were purchased from Acros and Aldrich, respectively, and F-PTCDI-C4 was synthesized as reported previously. 16 TFT devices were prepared on a highly n-doped Si wafer with a thermally grown SiO 2 layer ͑300 nm͒. The SiO 2 surface was treated with n-octadecyltriethoxysilane ͑OTS͒ as described previously. thick PTCDI layer was deposited. For contact doping, PyB thin layer ͑5 nm͒ was deposited before the deposition of source and drain electrodes using the same shadow mask. Finally, Au source-drain electrodes ͑channel length and width: 50 m and 1 mm͒ were thermally evaporated. The air exposure time of the semiconductor thin films was less than 5 min during the device fabrication. TFT characteristics were measured in both N 2 and air. The device structures are illustrated in Fig. 2 . Figure 3͑a͒ exhibits the typical transfer characteristics of PyB-doped F-PTCDI-C4 TFTs in N 2 . Under an inert atmosphere, mobilities of 0.2 to 0.3 cm 2 V −1 s −1 were obtained with an I on / I off of ϳ10 6 , regardless of the doping positions. However, the threshold voltage ͑V T ͒ shifted negatively by n-type doping, making it easier to switch on the devices. The contact-doped TFT exhibited the largest V T shift owing to the significantly reduced energetic barriers for charge injection. After exposure to air for 1 h, the on-current of undoped F-PTCDI-C4 TFTs decreased considerably by two orders of magnitude, presumably due to oxygen trapping ͓Fig. 3͑b͔͒. The contact-doped TFT also showed one order of magnitude drop in on-current. However, F-PTCDI-C4 TFTs prepared by bulk doping or channel doping exhibited the same order of on-current in air compared to that in N 2 . For all devices, the off-current decreased by approximately one order of magnitude after exposure to air. This led to a high I on / I off ͑ϳ10 7 ͒ for both bulk and channel doped devices. The lower offcurrent in air is related to the oxidation of some doped PTCDI radical anions. 19 The air-stability of PyB-doped F-PTCDI-C4 TFTs was investigated by monitoring the performance of the devices stored in air as a function of time ͓Fig. 3͑c͔͒, without applying a continuous bias. The mobilities in air were normalized by those in N 2 . The performance of undoped F-PTCDI-C4 TFT degraded immediately after exposure to air, while the contact-doped F-PTCDI-C4 TFT was functional initially, but degraded after several days. However, the air-stability of F-PTCDI-C4 TFTs, prepared by either bulk doping or channel doping, improved significantly as Ͼ60% of the initial mobility in N 2 was retained. These results indicate that n-type doping of organic semiconductors, in particular the n-type doping in the charge transport pathways, can compensate for the trapped electrons. On the other hand, contact doping can reduce the energetic barriers of charge injection and transport. However, charge trapping in the channel region is still the major factor for air-stability.
To investigate if this doping approach is applicable to other organic semiconductors, we also explored the n-type doping of PTCDI-C13 TFTs. Although PTCDI-C13 TFT was reported to exhibit high mobilities up to 2.1 cm 2 V −1 s −1 , the device operation again diminishes rapidly in air. 22 For the undoped PTCDI-C13 TFTs, we prepared PTCDI-C13 thin films with different thicknesses ͑45 and 100 nm͒ to see if increased film thickness, which slows down oxygen and water diffusion to the semiconductor/dielectric interface, will result in comparable stabilization as channel doping. 23 The channel-doped PTCDI-C13 TFTs operated in air with a mobility similar to that in N 2 ͑0.93 and 0.82 cm 2 V −1 s −1 in N 2 and air, respectively͒ ͓Fig. 4͑a͔͒. In N 2 , the I on / I off was not high ͑ϳ10 4 ͒. However, when measured in air, it increased by more than one order of magnitude due to the lowering of the off-current while maintaining the high on-current, a trend similar to that observed for F-PTCDI-C4 TFTs. The performance of both the undoped PTCDI-C13 TFTs degraded rapidly in air, with the degradation of the 45-nm-thick TFTs being faster when compared to the 100-nm-thick TFTs ͓Fig. 4͑b͔͒. In contrast, PyB-doped PTCDI-C13 TFTs showed a much improved stability in air compared to the undoped TFTs.
It has been previously reported that after heating and evaporation, the two species of PyB, i.e., the leuco-and neutral radical forms, are condensed into the thin films with the leucospecies as the major component.
13 GAUSSIAN 03 ͑Ref. 24͒ calculations reveal the singly occupied molecular orbital ͑SOMO͒ level of the neutral radical of PyB to be Ϫ3.34 eV. Thus, the neutral radical species allows electron transfer from the PyB neutral radical to the PTCDIs. 13 It has also been proposed that the leuco-form itself cannot act as an n-type dopant because of its higher ionization potential, but electron transfer between the donor and the acceptor can take place by a hydride transfer. 1 Our findings indicate that if the mobile electrons generated by n-type doping are located abundantly in the bulk active layer or in the channel region, they can compensate for the trapped electrons to a significant degree, thereby improving their stability in air.
In summary, we have demonstrated that n-type doping by vacuum evaporation is an efficient approach to enable air-stable n-channel organic transistors. The n-type doping of bulk active layer or channel region improved the air-stability of PTCDI-based n-channel OTFTs while maintaining a high I on / I off . Although the n-type doping of electrode contact was helpful in lowering the turning-on voltage of the devices, it did not result in their stable ambient operation. Our approach should provide great opportunities for achieving air-stable n-channel OTFTs using organic semiconductors that were previously unstable in air.
